Chemical defenses against consumers have been hypothesized to be common among marine macro-holoplankton, but few studies have assessed macro-holoplankton susceptibility to predators or the traits affecting palatability. We used generalist fishes to determine the palatability of fresh tissues, freeze-dried homogenates, and chemical extracts from 19 species of macro-holoplankton. Fishes rejected fresh tissues of all the cnidarians, ctenophores, and cyanobacteria we examined but consumed salp and chaetognath tissues. In contrast, fishes consumed homogenates and chemical extracts of all macro-holoplankton except for the cyanobacterium Trichodesmium sp. We examined nematocysts and low nutritional quality as mechanisms causing rejection of fresh tissues. Once nematocysts were deactivated, fishes consumed cnidarian tentacles, indicating that nematocysts served as defenses. The nutritional quality of macro-holoplankton varied almost 500-fold among species and was strongly bimodal, with most macroholoplankton species having Յ0.7 mg soluble protein ml Ϫ1 or Ն7 mg ml Ϫ1 . In laboratory assays, there was a significant positive relationship between the nutritional quality of artificial foods and their acceptability to fishes. In field assays, reef fishes avoided experimental foods that had a protein content similar to low-quality macroholoplankton but fed rapidly on higher quality foods. Furthermore, macro-holoplankton that were high in protein content possessed defensive traits that low-protein species lacked. Although fresh tissues of most macro-holoplankton were rejected by generalist fishes, we found evidence of chemical defense only in a cyanobacterium. Thus, chemical defenses were rare among macro-holoplankton, and rejection for Ͼ90% of the species we assessed was due to nematocysts or low nutritional quality.
provided juvenile stages of benthic organisms with an escape from high nearshore predation. In contrast, investigators studying holoplankton have suggested that offshore predation pressure might be intense. Hamner (1996) and McClintock et al. (1996) argued that spatial refuges in the open ocean are rare, whereas visual (fishes) and tactile (gelatinous zooplankton) predators can be common. Additionally, high levels of daytime predation in some planktonic systems are thought to select for the daily vertical migrations exhibited by many zooplankton (Gliwicz 1986) .
Marine macro-holoplankton (for our purposes defined as holoplankton larger than 2 mm as adults) persist in the pelagic environment throughout their lives. Although some macro-holoplankton might have reduced susceptibilities to predators because of small body size, transparency, diel vertical migration, exploitation of the sea surface, spines, or shells (Cheng 1975; Gliwicz 1986; Lalli and Gilmer 1989; McFall-Ngai 1990; Hamner 1996; McClintock et al. 2001) , others have no apparent defenses and are sluggish, are highly pigmented, and have soft bodies. Because species lacking obvious defenses persist in the plankton, it has been hypothesized that chemical defenses might be common among macro-holoplankton (Shanks and Graham 1988; McClintock et al. 1996) . Although chemical defenses have been found in a few macro-holoplankton (Shanks and Graham 1988; Bryan et al. 1995) , it is unclear whether these cases are unusual exceptions or the norm.
In addition to chemical defenses, other mechanisms might also reduce macro-holoplankton susceptibility to predators. Pelagic cnidarians possess nematocysts, complex cells that discharge a tightly coiled venomous thread at high velocity (Mariscal 1974) . When fired against another organism, the threads of some nematocysts penetrate the surface of the target organism and inject a venom (Williamson et al. 1996) . Penetrating nematocysts are used for both prey capture (Purcell and Mills 1988) and predator deterrence (Shanks and Graham 1988; Stachowicz and Lindquist 2000) . Low nutritional quality can also make it unprofitable for consumers to feed on some macro-holoplankton, such as cnidarians, ctenophores, salps, chaetognaths, and pteropods. Although gelatinous zooplankton can be high in elemental (carbon and nitrogen) and nutritional content (protein, lipid, and carbohydrate concentrations) per unit dry mass, they are also high in water content, hence appreciably diluting their nutritional value (Larson 1986; Clarke et al. 1992; Bailey et al. 1995) . If the nutritional quality of a prey item is low enough, the cost of prey capture, handling, and processing can exceed the prey's value to the consumer (Stephens and Krebs 1986) . Additionally, because a consumer's gut can hold only a finite volume of material, if a consumer fills its gut with low-quality food, it might not be able to ingest higher quality foods that it encounters later (Slansky 1993) . Thus, in environments where prey are patchy and vary in nutritional quality, consumers might avoid low-quality prey to reserve their ability to use higher quality prey as they encounter them.
We examined the roles of chemistry, nematocysts, and nutritional quality in affecting macro-holoplankton susceptibility to consumers. To do so, we conducted laboratory and field assays to determine whether common planktivorous fishes from benthic habitats would consume macro-holoplankton. We then assessed whether macro-holoplankton that had been rejected were avoided owing to chemical defenses, nematocysts, or low nutritional value. This study (also see McClintock et al. 1996) constitutes an initial effort to determine patterns of palatability and defense among common macro-holoplankton. Future studies using pelagic consumers (both fishes and invertebrates) and additional groups of macro-holoplankton would be useful.
Methods
Study organisms-We used three species of benthic fishes as predators in laboratory assays: bluehead wrasse (Thalassoma bifasciatum), pinfish (Lagodon rhomboides), and sergeant majors (Abudefduf saxatilis). Although these fishes are associated with benthic rather than pelagic systems, all three species commonly feed on plankton, have extensive ranges, and occur sympatrically with most of the macro-holoplankton that we examined. Additionally, all three species are generalists that forage on a wide variety of prey and thus should be willing to sample many of the prey they encounter. If a trait deters one species of generalist consumer, it will often, but not always, deter other generalists; however, we note that there can be variance in the responses of generalist consumers to prey items or their defensive traits (Hay and Fenical 1988; Schupp and Paul 1994; . Finally, one of the only previous surveys of holoplankton palatability (McClintock et al. 1996) used one of these species (Abudefduf saxatilis) for their bioassays, thus facilitating contrasts between our data and their earlier investigation.
For most laboratory assays, fishes were held individually in separate containers receiving flow-through seawater. Each individual fish represented a separate, independent replicate. However, for assays conducted during a research cruise (approximately 10% of assays), groups of two to three fishes were held in flow-through aquaria with aeration. To avoid pseudoreplication in assays conducted with groups of fishes, each separate group was considered a replicate. Fishes were held in the laboratory for up to several months and were fed a maintenance diet (composed of frozen blood worms, freeze dried krill, or live or frozen brine shrimp) three times each day. Fishes were not starved between assays; rather, assays were conducted between regular feeding times.
Planktonic organisms were collected over multiple years from locations along the east coast of the United States (North Carolina, Georgia, and Florida) and in the Bahamas. Our main objectives in collecting plankton were to ensure that organisms were not damaged during collection and that they remained alive until processed. The cnidarians Chrysaora quinquecirrha, Carybdea alata, Physalia physalis, and Stomolophus meleagris and the ctenophore Mnemiopsis mccradyi were collected by lowering buckets over the sides of boats or docks. The cnidarian Nemopsis bachei and chaetognath Sagitta sp. were collected with a 202-m plankton net. The cnidarians Orchistoma pileus and Aurelia aurtia; the ctenophores Beroe ovata, Ocyropsis crystallina, Ocyropsis maculata, and Bolinopsis vitrea; the salp Salpa fusiformis; and both morphs of the cyanobacterium Trichodesmium were collected by hand using suction bottles or plastic bags during blue-water dives on SCUBA or snorkel. The cnidarian Porpita porpita was collected from a mass beach stranding near Morehead City, North Carolina. The ctenophore Pleurobrachia pileus was collected by A. Sell and L. Madin from the Sargasso Sea using trawls (because fishes were not immediately available for bioassays with this species, this ctenophore was frozen and used only in assays of homogenized tissues and extracts). The benthic cnidarians Cassiopea frondosa and C. xamachana were collected by snorkelers in mangrove habitats.
Palatability of fresh tissues-To determine the palatability of fresh macro-holoplankton to fishes in the laboratory, feeding assays were conducted in a manner similar to Bullard et al. (1999) . During assays, a palatable control food (a piece of defrosted blood worm or a live or defrosted brine shrimp) was offered to fishes followed by a similarly sized portion of fresh macro-holoplankton tissue. Fishes could consume or reject offered items. Because we were interested in assessing the palatability of tissues, rather than apparency or avoidance, a rejection was only scored if a food item was taken into the fish's mouth and then spit out. If a fish would not sample a food item, that fish was excluded from the assay. Occasionally, a fish would sample a food item repeatedly by taking it into its mouth and spitting it out multiple times. In instances of multiple samplings, we allowed a fish to sample the item as many times as it wished before we recorded its willingness to consume the item. If the majority of the food item was consumed during multiple samplings, we considered the fish to be willing to eat the item. If most of the food item remained after sampling, or if the item was broken into multiple small fragments (which the fish thereafter ignored), we considered this a rejection. We did not use satiation controls during these assays because previous experience had demonstrated that fishes rarely (if ever) become satiated during these types of feeding assays (e.g., Bullard et al. 1999) . Differences in the consumption of fresh macroholoplankton tissues versus palatable control foods were compared using Fisher's exact tests.
The macro-holoplankton species we assessed were highly variable in size and coloration. Some macro-holoplankton were small enough so that the entire organism could be sampled by fishes (Nemopsis bachei, Orchistoma pileus, Sagitta sp., and both morphs of Trichodesmium). Other macro-holoplankton were too large for our predators to sample the entire organism. For these larger species, bite-sized portions were cut from the organisms and presented to fishes during assays. Large cnidarians possessed distinct bell and tentacle portions, and the palatability of these tissues were assessed separately. Additionally, some species of macro-holoplankton were highly transparent (Nemopsis bachei, Mnemiopsis mccradyi, Ocyropsis crystallina, Bolinopsis vitrea, and Sagitta sp.). When transparent organisms were initially presented, fishes appeared to be unable to see the organisms and did not attack them. To assess the palatability, as opposed to the apparency of these organisms, we used commercial food coloring to dye both the macro-holoplankton and the control foods. Once dyed, these macro-holoplankton were readily sampled by fishes. Because fresh macro-holoplankton were offered to fishes soon after collection, most fresh macro-holoplankton collected in tropical locations were offered only to bluehead wrasses (11 spp.), and most macro-holoplankton collected in temperate locations were offered only to pinfish (four spp.).
Nutritional quality-We assessed the nutritional quality of our macro-holoplankton for several reasons. First, so that we could ensure that our macro-holoplankton homogenates and chemical extracts were incorporated into assay foods having a similar nutritional quality as the prey organisms from which they were derived. Second, so that we could determine whether low nutritional quality was associated with unpalatability for some macro-holoplankton. We used soluble protein content (mg ml Ϫ1 ) as our surrogate for nutritional quality because it previously has been used as a measure of nutritional quality in feeding assays with fishes (Duffy and Paul 1992) and because protein content correlates significantly and positively with lipid and carbohydrate content in gelatinous zooplankton (R 2 ϭ 0.71, 0.34; P Ͻ 0.001, 0.040, n ϭ 28, 20, respectively) (derived from Bailey et al. 1995) .
To measure soluble protein content, multiple individuals of each macro-holoplankton species were frozen and lyophilized following determination of wet displacement volume. Individuals of small species were used whole, whereas pieshaped sections of roughly equal volumetric proportions were combined from multiple individuals of larger species. Once this material had been lyophilized, it was ground into a fine powder with a mortar and pestle and soluble protein levels were measured using the Bradford (1976) colorimetric assay. Crossman et al. (2000) recently suggested that the Bradford assay may yield inaccurate results when used to assess the soluble protein content of seaweeds. However, this method has previously been considered to be one of the more robust measures of protein content (Davis 1988) , and its extensive use in ecological studies provides a wealth of data against which our results can be compared.
Palatability of tissue homogenates-To separate structural traits from the chemical and nutritional traits that might deter feeding, we lyophilized macro-holoplankton tissue and ground them to a fine powder (to destroy differences in structural traits) before incorporating these into artificial foods and offering them to laboratory fishes (Hay et al. 1998) . For cnidarians, lyophilization destroyed the nematocysts, but chemicals from the nematocysts may have remained. To assess the palatability of homogenates to predators, food pellets were prepared by incorporating finely powdered lyophilized material into a sodium alginate-based food prepared at the ratio of 0.2 g of sodium alginate to 10 ml distilled water (hereafter called ''alginate food''). We added homogenates to alginate food at a natural dry mass per volume basis. Thus, if 2 ml of alginate food was prepared, the mass of lyophilized material contained in 2 ml of that macro-holoplankton was added. For controls, alginate foods were prepared with an equivalent protein concentration to the macro-holoplankton species being examined by adding different amounts of lyophilized squid paste (pureed squid mantle mixed with distilled water ). To ensure the macro-holoplankton homogenates and controls had a similar appearance, commercial food coloring was added to both foods. Once prepared, alginate foods were injected into a 0.25-M solution of calcium chloride (CaCl 2 ) using a 5-ml disposable syringe. After approximately 2 min in the CaCl 2 , the alginate food hardened to the consistency of cooked pasta. The gelled alginate foods were then removed from the CaCl 2 , cut into bite-sized food pellets, and offered to fishes in palatability assays. During assays, fishes were first offered a control pellet followed by a homogenate pellet. Fishes could consume or reject (as described above) the offered pellets. Differences in the consumption of control versus homogenate pellets were compared using Fisher's exact tests. Unlike fresh macro-holoplankton tissue, homogenates (as well as chemical extracts, see below) did not have to be assayed immediately after collection. Thus, most homogenates could be offered to all three species of fishes. For some of the rarer species, however, we did not have enough material to perform homogenate palatability assays.
Palatability of chemical extracts-Results from our tissue homogenate assays suggested that few of our macro-holoplankton possessed defensive chemistry. However, some compounds can be altered during lyophilization (Hay et al. 1998) . Thus, to determine whether our macro-holoplankton species possessed extractable chemical defenses, we offered laboratory fishes alginate foods infused with crude chemical extracts of macro-holoplankton. To prepare extracts, frozen macro-holoplankton samples were ground in a blender and extracted three times with 2 : 1 dichloromethane : methanol using a total volume of solvent equal to 15 times the macroholoplankton volume. After completing extraction with the first solvent series, the remaining macro-holoplankton residue was extracted three times with 70 : 30 methanol : distilled water using the same volume of solvent as above. Solvents were removed under vacuum on a rotary evaporator. The resulting extracts were then resolubilized with 100% dichloromethane and 100% distilled water and partitioned into lipophilic and water-soluble extracts by gravity separation. Feeding assays were performed using total crude extracts made by combining appropriate portions of the lipophilic and water-soluble extracts. Initially, lipophilic and water-soluble compounds were extracted separately because we expected that some of our macro-holoplankton would possess deterrent extracts. Thus, we hoped to simplify further fractionation and isolation of deterrent compounds by following initial assays of total crude extracts with separate assays of the water-versus lipid-soluble extracts. Because few of our macro-holoplankton possessed deterrent chemistry, this procedure proved to be unnecessary. However, we retained our initial extraction procedure to ensure methodological consistency across all species tested.
Chemical extracts were incorporated into assay foods based on natural volumetric concentration. Thus, if 2 ml of alginate food was prepared, the extract from 2 ml of macroholoplankton was added. To prepare alginate foods, lipophilic extract was placed onto a watch glass or in a scintillation vial and dried with nitrogen gas (N 2 ) or under vacuum. Once the lipophilic extract had dried, the water-soluble extract was added to the same glass or vial and dried. The resulting crude extract was then incorporated into an alginate food (made as above, but with fresh squid paste instead of lyophilized squid paste) that had a soluble protein concentration equivalent to the macro-holoplankton being examined. To incorporate extracts into the alginate foods, 100% ethanol (approximately 25 l ml Ϫ1 of food volume) was added to the dried crude extract to help dissolve the lipophilic extract. Prepared alginate food equivalent to the wet volume of macro-holoplankton from which the crude extract was acquired was then added to the watch glass or vial, and the extract and alginate food were mixed together with a spatula until the extract was dispersed evenly throughout the alginate food. Control foods were prepared in an identical manner but did not have extracts incorporated into them. Once prepared, extract and control food pellets were hardened with CaCl 2 and presented to fishes as described above. Differences in the frequency of consumption of control versus extract-treated pellets were compared using Fisher's exact test.
Assays of deactivated nematocysts-To determine whether nematocysts rendered cnidarians unpalatable to fishes, we conducted assays with cnidarian tentacles in which the nematocysts had been discharged or removed. The nematocysts of some species of cnidarians can be discharged by exposing them to freshwater (Mariscal 1974; Williamson et al. 1996) . Freezing also ruptures, or physically removes, the nematocysts of many cnidarian species. Thus, to remove nematocysts from cnidarian tentacles we either dipped the tissue into a bath of distilled water for 30 s or froze the tissue for at least 24 h. To assess the palatability of cnidarian tissues without nematocysts, laboratory fishes were first offered a palatable control food (brine shrimp or pieces of blood worms) followed by a piece of cnidarian tentacle without nematocysts. Differences in fish consumption of controls versus cnidarian tentacles without nematocysts were examined using Fisher's exact test. Results from these assays were contrasted with previous assays using fresh tentacles with intact nematocysts.
Assays of nutritional quality-To assess how nutritional quality affected feeding, we offered laboratory fishes a range of alginate foods differing in concentration of soluble protein. Soluble protein content was adjusted by adding different amounts of lyophilized squid paste (as above) to a standard volume of artificial food. Fishes in numbered containers were presented with food pellets in series of ''rounds,'' with the number of rounds being equal to the number of protein concentrations being assessed during that assay. During each round, each fish was offered a food pellet of a randomly selected protein concentration. Fish could either consume or reject (take into the mouth and then spit out) the offered food pellet. Each fish was offered a pellet of each protein concentration only once. Thus, after all of the rounds had been completed, each fish had been offered one pellet of each protein concentration in a randomized sequence. For assays with bluehead wrasses, we assessed 10 protein concentrations ranging from 0.0 to 4.2 mg ml Ϫ1 ; for pinfish, we assessed six protein concentrations ranging from 0.0 to 1.5 mg ml Ϫ1 ; and for sergeant majors, we assessed seven protein concentrations ranging from 0.0 to 1.2 mg ml Ϫ1 . The different upper limits of protein content were selected because fishes demonstrated species-specific differences in the protein concentration at which their feeding saturated (i.e., they became willing to consume all assay pellets). For example, in our laboratory assays, bluehead wrasses consumed all pellets once soluble protein concentration reached about 4 mg ml Ϫ1 . The percentage of pellets consumed for each species of fish was plotted against soluble protein concentration and a linear regression fitted to these values.
To test how food nutritional value affected susceptibility to consumption by reef fishes under field conditions, we modified the methods of Harvell et al. (1988) . Carrageenanbased foods of differing soluble protein content were prepared by mixing different amounts of fresh squid paste into preheated carrageenan mixtures (1.5 g of type 1 carrageenan in 60 ml of distilled water). The resulting mixture was poured into molds that had been laced with cotton string. After hardening, the mixture was cut into strips (5 ϫ 1 ϫ 0.63 cm), each with a central cotton string running its length. In the field, carrageenan food strips were individually placed into polypropylene ropes and deployed at a depth of 7 m near Pickles Reef, Key Largo, Florida. Once deployed, food strips were continuously monitored for 3 h. Two separate assays were performed. In the first, foods of two low nutritional qualities were deployed (0.0 and 0.3 mg ml Ϫ1 of protein). Ropes anchoring different treatments were deployed in pairs (n ϭ 18 pairs) with 0.25 m between members of each pair and 1.5 m between pairs. All food strips survived the Fig. 1 . The percentage of fresh macro-holoplankton tissues consumed by bluehead wrasses compared to an equal number of palatable control foods (brine shrimp or blood worms). Sample size is shown at the base of each set of bars. An asterisk or double asterisk indicates a significant difference (Fisher's exact test, P Յ 0.05 or P Յ 0.01, respectively) between macro-holoplankton and control foods. For cnidarians, the letter at the base of the bars in the histogram indicates the type of tissue being offered; B, bell; T, tentacles; W, whole organism.
3-h exposure period. At the end of this time, the remaining length of each food strip was measured and the percentage of food consumed from each food strip was recorded to the nearest 10%. Most strips were consumed from the top down, making it easy to measure loss of food as a change in length. On the few strips where some loss occurred along the margin, the missing area along the side was estimated and subtracted from the length. If 10% of the food strip had not been consumed but some consumption was apparent, we recorded this as 5% consumption. The percent consumed for each food strip was converted to a rate of consumption (cm h Ϫ1 ) and a Wilcoxon paired-sample test was used to determine whether the rates of consumption were different between treatments of differing nutritional quality.
In the second assay, four food treatments were deployed (0.3, 3.0, 6.0, and 9.0 mg ml Ϫ1 of protein). Treatment ropes were placed in blocks with a distance of 0.25 m between members of each block and 1.5 m between blocks (n ϭ 18 blocks). When approximately 50% of the total food had been consumed from a food strip, the food strip was removed from the block and the percentage of food consumed and the time the food strip was removed were recorded. At the end of the 3-h assay, all remaining food strips were retrieved and scored for the amount of food eaten as descried above. Percent consumption for each food strip was transformed to rate of consumption (cm h Ϫ1 ). Differences in the rate of consumption among treatments of differing nutritional quality were examined using a Kruskal-Wallis test.
Results
Fresh tissues of macro-holoplankton were unpalatable to fishes (Figs. 1, 2) . Of the 18 species of macro-holoplankton we tested in the fresh tissue assays, 16 species (89%) had at least some body parts that were consumed at significantly lower levels than controls. Fishes rejected the fresh tentacles or whole organisms of all 10 of the cnidarian species we tested. In contrast, they rejected the fresh bell tissues of only four of seven cnidarian species (Figs. 1, 2 ), although our sample size for Physalia physalis was very low (N ϭ 5), constraining our power to detect avoidance for the bell of this species. Fresh tissues of all five species of ctenophores and both morphs of the cyanobacterium Trichodesmium sp. were also rejected by fishes relative to control foods (Figs.  1, 2) . However, fresh tissues of the salp and chaetognath were readily consumed (Fig. 1) .
In contrast to fresh tissues, fishes consumed freeze-dried homogenates of most macro-holoplankton at levels similar to control foods of equivalent nutritional quality (Fig. 3) . Homogenates of the cyanobacterium Trichodesmium sp. were rejected by bluehead wrasses and sergeant majors, but not by pinfish (Fig. 3) . Homogenates of all other macroholoplankton were consumed at levels similar to control foods. In many instances, fishes consumed less than 100% of control and homogenate food pellets.
The palatability of macro-holoplankton chemical extracts showed similar patterns to homogenates (Fig. 4) . Two of three fishes avoided foods containing extracts of Trichodesmium sp., whereas extracts of all other species did not affect feeding (Fig. 4) .
Although fishes had rejected the fresh tentacles all of the cnidarians species we tested (Figs. 1, 2) , when we offered fishes six species of cnidarian tentacles with deactivated nematocysts, fishes consumed the deactivated tentacles at levels similar to control foods (Fig. 5) .
The nutritional value of macro-holoplankton, as estimated by soluble protein content, varied more than 476-fold among species (Table 1) . Protein concentration per volume of organisms ranged from Ͻ0.1 mg ml Ϫ1 for the ctenophore Bolinopsis vitrea to as high as 47.6 mg ml Ϫ1 for one of the morphs of Trichodesmium sp. By comparison, pureed squid mantle tissue, which is known to be highly palatable to fishes, had a protein content of 34.5 mg ml Ϫ1 . Ctenophores were uniformly low in protein content, whereas Cnidarians were more variable and exhibited a 180-fold range in protein content. Although most of the transparent species (Nemopsis Fig. 2 . The percentage of fresh macro-holoplankton tissues consumed by pinfish compared to an equal number of palatable control foods (brine shrimp or blood worms). An asterisk or double asterisk indicates a significant difference (Fisher's exact test, P Յ 0.05 or P Յ 0.01, respectively) between macro-holoplankton and control foods. For cnidarians, the letter at the base of the bars in the histogram indicates the type of tissue being offered; B, bell; T, tentacles; W, whole organism.
bachei, Mnemiopsis mccradyi, Ocyropsis crystallina, Bolinopsis vitrea)
were low in protein content, the highly transparent chaetognath Sagitta sp. had two orders of magnitude more protein than some of these species.
For our experimental foods made with carrageenan or alginate, palatability was positively correlated with nutritional quality. In laboratory assays conducted with alginate-based foods of different protein concentrations, there was a significant positive relationship between the protein content of food pellets and the percentage of food pellets consumed for all three species of fishes (Fig. 6) . In field assays, foods with higher concentrations of soluble protein were consumed at significantly faster rates than foods with lower protein content. During a reef assay conducted with foods containing 0.0 and 0.3 mg ml Ϫ1 of soluble protein (similar to about 50% of the macro-holoplankton species we tested), very little of either food was eaten (Fig. 7A) , even though we observed that foods were commonly sampled by fishes of the families Lutjanidae, Haemulidae, Acanthuridae, Labridae, and Scaridae. During our second reef assay, carrageenan-based foods with 6.0 and 9.0 mg ml Ϫ1 of protein were consumed at significantly higher rates than carrageenan foods with 0.3 mg ml Ϫ1 of protein (Fig. 7B) ; carrageenan foods with 3.0 mg ml Ϫ1 of protein were consumed at intermediate rates that did not differ significantly from any other foods (Fig. 7B ).
Discussion
We found minimal support for the hypothesis (Shanks and Graham 1988; McClintock et al. 1996 ) that extractable chemical defenses are common among macro-holoplankton. We note, however, that our study focused mainly on cnidarians and ctenophores. As with the study by McClintock et al. (1996) , we found that fresh tissues of most of our macroholoplankton species (16 of 18) were unpalatable to fishes (Figs. 1, 2) . However, except for the cyanobacterium Trichodesmium sp., all of the species we examined became as palatable as control foods of equivalent nutritional quality when homogenized and incorporated into alginate-based foods (Fig. 3) . Similarly, chemical defenses could be demonstrated only for Trichodesmium sp. (Fig. 4) . These results contrast with studies from benthic communities where unpalatable soft-bodied organisms are often chemically defended. For example, many soft corals, gorgonians, sponges, seaweeds, and benthic invertebrate larvae produce chemical extracts that deter fishes in assays much like the ones we performed (Hay and Fenical 1988; Paul 1992; Pawlik 1993; Lindquist and Hay 1996; McClintock and Baker 2001) .
Of the 19 macro-holoplankton species we examined, only the cyanobacterium Trichodesmium sp. produced a deterrent chemical extract. The whole organism, lyophilized homogenates, and chemical extracts of both morphs of Trichodesmium sp. were rejected by bluehead wrasses and by sergeant majors (Figs. 1, 3, 4) . McClintock et al. (1996) also noted that sergeant majors would not consume intact colonies of Trichodesmium sp., and Trichodesmium sp. has been shown to be toxic to copepods and penaeid shrimp larvae (Hawser et al. 1992; Preston et al. 1998) . However Trichodesmium's defense is not universal. Pinfish were not deterred by either homogenates or extracts of Trichodesmium sp. (Figs. 3, 4) , and a few specialized harpactacoid copepods use Trichodesmium as a food source and as a substratum for depositing eggs (O'Neil 1998) . In addition, we also have observed large amounts of Trichodesmium sp. in the guts of the salp Salpa fusiformis off North Carolina. Overall, however, Trichodesmium appears to experience minimal consumption and to be chemically defended against several generalist consumers. Trichodesmium is abundant world-wide and plays an important role in oceanic nutrient cycling (Capone et al. 1997) . Its chemical arsenal could help explain its importance in pelagic ecosystems. Fig. 3 . The percentage of whole organism homogenates from macro-holoplankton consumed by fishes compared to control foods of equal protein content. An asterisk or double asterisk indicates a significant difference (Fisher's exact test, P Յ 0.05 or P Յ 0.01, respectively) between macro-holoplankton and control foods. NT, not tested.
Although we found few chemical defenses in the macroholoplankton we examined, our work focused mainly on cnidarians and ctenophores. Chemical defense may be important for other species or groups of macro-holoplankton. For instance, the gymnosome pteropod Clione antarctica is chemically defended against sympatric fishes (Bryan et al. 1995; McClintock et al. 2001) . Gymnosome pteropods are in the same subclass as benthic nudibranchs, a group that contains many chemically defended species (Karuso 1987; Faulkner 1992) . In many ways nudibranchs and gymnosomes are morphologically similar. Both groups have lost the molluscan shell, are fairly slow moving, and often are conspicuously colored (Lalli and Gilmer 1989; Faulkner 1992 ). These observations suggest that chemical defenses could be more common among gymnosomes.
Because many of the macro-holoplankton we examined were rejected by fishes but did not possess deterrent chemistry, other mechanisms must account for their unpalatability. Within the cnidarians, it appears that nematocysts function defensively. The rejection of fresh cnidarian tentacles with intact nematocysts (Figs. 1, 2) and acceptance of tentacles once nematocysts were inactivated (Fig. 5) suggests that the nematocysts, or the compounds they inject when fired, are important in defending these plankton. Although the defensive qualities of nematocysts have rarely been assessed for pelagic cnidarians (but see Shanks and Graham 1988) , Stachowicz and Lindquist (2000) have demonstrated that some benthic hydroids use penetrating nematocysts to deter predators. There are many kinds of nematocysts, only some of which are capable of penetrating tissues. Of the cnidarians we examined, six species (Carybdea alata, Porpita porpita, Physalia physalis, Chrysaora quinquecirrha, Aequorea aequorea, and Aurelia aurtia) possess penetrating nematocysts (atrichous isorhizas, basitrichous isorhizas, microbasic mastigophores, and/or stenotele nematocysts) (Mariscal 1974; Purcell and Mills 1988; Shostak 1995) . Additionally, Cassiopea andromeda possesses penetrating atrichous isorhizas nematocysts, suggesting that the congeners C. frondosa and C. xamachana might also possess these nematocysts. Although it is unclear whether the microbasic euryteles nematocysts possessed by Stomolophus meleagris (Shostak 1995) can penetrate tissues, Shanks and Graham Fig. 4 . The percentage of food containing chemical extracts from macro-holoplankton that were consumed by fishes compared to control foods of equal protein content. An asterisk or double asterisk indicates a significant difference (Fisher's exact test, P Յ 0.05 or P Յ 0.01, respectively) between macro-holoplankton and control foods. NT, not tested.
(1988) have shown that S. meleagris might use their nematocysts to deter predation by fishes. Thus, many, if not all, of the cnidarians we examined have nematocysts capable of injecting venom into potential predators (the nematocysts have not been characterized for Orchistoma pileus or Nemopsis bachei).
Because penetrating nematocysts function defensively and inject a toxin, it could be argued that cnidarians possess a form of chemical defense (e.g., Shanks and Graham 1988) . Indeed, Shanks and Graham (1988) found that when disturbed, S. meleagris released a cloud of nematocyst-laden mucus capable of killing small fishes in enclosed containers. They speculated that the fishes were killed by hemolytic and cardiovascular toxins that entered the bloodstream of the fishes when the nematocysts discharged against the gills (Shanks and Graham 1988) . However, compounds from nematocysts apparently function only when injected because the lyophilized homogenates and chemical extracts of all of our pelagic cnidarians (including S. meleagris) were palatable to benthic fishes (Figs. 3, 4) . This suggests that compounds from nematocysts are not deterrent when ingested rather than injected or that these compounds degrade rapidly once nematocysts are ruptured. Thus, the mechanism of defense of nematocysts and their toxins appears to differ from ingestion-based chemical defenses described for benthic invertebrates, including benthic hydroids that lack penetrating nematocysts (Stachowicz and Lindquist 2000) . This conclusion should be tempered, however, by the recognition that we did not specifically identify and test the injected compounds from any of our species and thus cannot assure that our extraction procedure did not degrade metabolites.
Low nutritional quality also appears to reduce the susceptibility of some holoplankton to consumers, including species that lack nematocysts such as ctenophores. The frequency distribution of protein concentrations for the holoplankton species we examined was dramatically bimodal, and many species were very low in soluble protein content. Of the species we examined, 68% had soluble protein concentrations of 0.7 mg ml Ϫ1 or less, 26% had approximately 7 mg ml Ϫ1 or more, and only one species fell into Fig. 5 . The percentage of cnidarian tentacles without nematocysts consumed by fishes compared to an equal number of palatable control foods (brine shrimp or blood worms). Pinfish were used as predators for Porpita porpita; for all others, bluehead wrasses were the predators. The letter at the base of the bars in the histogram indicates how the nematocysts were removed; D, dipped in distilled water for 30 s; F, frozen for at least 24 h. Fisher's exact test indicated no significant differences (P Ͻ 0.05) for any of these contrasts. the order of magnitude gap between these values (Table 1 ). In laboratory assays, feeding by all three of our benthic fish species was significantly and positively correlated with soluble protein content (Fig. 6) , and reef fishes avoided foods of 0.3 mg ml Ϫ1 or less, while consuming foods of Ͼ3.0 mg ml Ϫ1 during field assays (Fig. 7) . Although both laboratory and field assays suggest that benthic fishes select foods based on their nutritional quality, field assays might be better predictors of the true effects of nutritional quality because fishes in the lab had been trained to feed on the pellets provided. Thus, the training process probably biased the laboratory fishes in favor of accepting lower quality foods and might explain why laboratory sergeant majors and pinfish still consumed 40-60% of pellets that contained no protein, whereas reef fishes in the field avoided foods of low nutritional quality (Figs. 6, 7) .
Previous investigations also found that low nutritional quality could deter consumers (Duffy and Paul 1992) , although some consumers compensated for low nutritional quality by consuming more prey (Cruz-Rivera and Hay 2000) . Because gelatinous macro-holoplankton often occur in dense swarms, it has been suggested that predators may be able to compensate for the low nutritive value of macroholoplankton by consuming large numbers of them (McClintock et al. 1996) . In contrast, our data suggest that benthic fishes commonly reject foods with the soluble protein content of many of the macro-holoplankton species we investigated. However, our data were generated using benthic fishes and it is possible that some pelagic consumers might have different nutritional needs and metabolic capabilities. Thus, some pelagic consumers might feed on low-quality prey items. This strategy seems possible for consumers with low metabolic rates, such as ocean sunfish (Mola mola) or sea turtles (both of which are known to consume cnidarians), but it seems unlikely for more metabolically active pelagic consumers that forage over large areas (e.g., mackerel and tuna). However, specific tests of the acceptability of foods with low protein content to pelagic predators are needed before generalizations can be drawn about the susceptibility of prey with low food value to pelagic consumers.
Although many of the species we examined had very low soluble protein concentrations, five species (the cnidarians Porpita porpita, Physalia physalis, and Carybdea alata; the chaetognath Sagitta sp.; and both morphs of the cyanobacteria Trichodesmium sp.) had protein content more than an order of magnitude higher than the other species. Because feeding by benthic fishes in the field was strongly related to soluble protein concentration of the food (Fig. 7) , it might be expected that species having higher protein concentrations would be at greater risk of predation. Additional support for the idea that nutritionally rich prey are at greater risk of predation is provided by the observation that four of our high-protein organisms exhibited defensive traits that the low-protein species lacked. Both morphs of Trichodesmium sp. were chemically repellent, whereas none of the other 18 species we examined produced chemical deterrents. Porpita porpita and Physalia physalis float on the sea surface (Cheng 1975) , making them less apparent to, and hence potentially less at risk from, visually foraging fishes (Hamner 1996) . Physalia physalis (the Portuguese Man-of-War) and Carybdea alata (the sea wasp) possess more toxic nematocysts than other pelagic cnidarians (Humann 1992) . Finally, Carybdea alata is the only species of gelatinous zooplankton we examined that has been described as being nocturnal (Humann 1992) ; because planktivory appears less intense at night (Hobson 1991) , Carybdea alata might escape day-active predators.
An exception to the pattern of high-food value prey having different defenses from low-food value prey was the chaetognath Sagitta sp., which appeared to avoid consumer detection by being extremely transparent, as did some other species. Transparency is believed to help macro-holoplankton escape detection by visual predators (McFall-Ngai 1990; Hamner 1996) , and our observations were consistent with this hypothesis. Transparency is not an exceptional trait, however, because several low-protein content species were also highly transparent.
Fishes did not reject intact portions of all macro-holoplankton species. Fresh tissues of the salp Salpa fusiformis and the chaetognath Sagitta sp. were palatable to bluehead wrasses (Fig. 1) . For S. fusiformis, these results are in contrast to those of McClintock et al. (1996) who found that intact pieces of this species were rejected by sergeant majors. We pose three potential reasons why our results might differ from those of McClintock et al. (1996) . First, we assessed the palatability of S. fusiformis using bluehead wrasses rather than sergeant majors and there may be an interspecific difference in prey choice among these fishes. Second, S. fusiformis might occasionally possess a dietarily derived chemical deterrence. During a collection of S. fusiformis made off of North Carolina, large amounts of the chemically deterrent cyanobacterium Trichodesmium sp. occurred in the guts of S. fusiformis. When we offered sections of S. fusiformis guts to fish, they rejected portions from guts containing Trichodesmium sp. but consumed portions with guts lacking Trichodesmium sp. (S. Bullard pers. obs.). Thus, it is possible that our results differed from McClintock et al. (1996) because of the recent feeding histories of the prey offered. Finally, our feeding assay of fresh S. fusiformis might have been biased because we offered wrasses sections of salps that contained the pigmented gut. S. fusiformis had a mean protein content of 0.1 mg ml Ϫ1 , and laboratory bluehead wrasses typically rejected foods with this protein content (Fig. 6) . However, Madin and Harbison (1977) have shown that hyperiid amphipods often consume the guts of salps but do not consume the outer tunic. Thus, the guts may be of higher nutritional quality than the remaining portions of the salp. If so, the portions of S. fusiformis we offered to fishes might have been higher in protein content than S. fusiformis as a whole.
Our findings do not resolve the question of whether pelagic systems are subject to minimal predation and serve as spatial escapes from consumers or whether they are areas of intense predation where prey will be selected to be deterrent. Although almost all prey we evaluated were relatively unpalatable to fishes, the mechanisms of deterrence (mainly nematocysts for cnidarians and low food value for cnidarians, ctenophores, and salps) could have evolved for reasons other than defense. Nematocysts play a prominent role in food capture, and their value as consumer deterrents could be fortuitous rather than evolved. In a similar way, low food value could be due to ecological constraints other than consumer deterrence. For example, large size could be selected for in macro-holoplankton in order to maximize the surface area for food capture or to slow the sinking rate; dispersing proteins widely within lower value tissues could be an effective way for macro-holoplankton to increase size in a nutrient-poor environment. Finally, transparency could have multiple advantages. Although transparency would make prey less obvious to consumers, it might also enhance the ability of transparent predators to approach their prey. It is clear, however, that the types of extractable chemical defenses that commonly occur in benthic systems (Paul 1992; Pawlik 1993; McClintock and Baker 2001) are not common among the groups of macro-holoplankton we examined.
Macro-holoplankton are among the most abundant organisms in the pelagic environment (Hamner et al. 1975; Mills 1995; Pages et al. 1996) and might contribute significantly to large-scale ocean processes, including nutrient cycling (Romeo et al. 1992; Capone et al. 1997; Andersen 1998) . Additionally, the abundance of gelatinous zooplankton might be increasing in many ecosystems (Mills 1995; Brodeur et al. 1999) . However, the benthic fishes we tested were unwilling to consume most macro-holoplankton because of the presence of nematocysts, low nutritional quality, or both. If generalist pelagic fishes are similar to the generalist benthic fishes used in our assays, then our data suggest that pelagic fishes might avoid consuming most gelatinous zooplankton (but see Arai 1988; Harbison 1998) . If future studies of pelagic fishes support our observations that fishes are unable to control macro-holoplankton populations, it might be difficult to remove macro-holoplankton from pelagic systems once they become dominant (Mills 1995) . Additionally, if macro-holoplankton are typically not consumed by fishes, much of the carbon located in macro-holoplankton could enter detrital rather than pelagic food webs.
